† Background and Aims Sporophytic self-incompatibility (SI) prevents inbreeding in many members of the Brassicaceae, and has been well documented in a variety of high-profile species. Arabis alpina is currently being developed as a model system for studying the ecological genetics of arctic-alpine environments, and is the focus of numerous studies on population structure and alpine phylogeography. Although it is highly inbreeding throughout most of its range, populations in central Italy have been identified that show inbreeding coefficients (F IS ) more typical of self-incompatible relatives. The purpose of this study was to establish whether this variation is due to a functioning SI system. † Methods Outcrossing rate estimates were calculated based on 16 allozyme loci and self-compatibility assessed based on controlled pollinations for six Italian populations that have previously been shown to vary in F IS values. Putative SRK alleles (the gene controlling the female component of SI in other Brassicaceae) amplified from A. alpina were compared with those published for other species. Linkage of putative SRK alleles and SI phenotypes was assessed using a diallel cross. † Key Results Functional avoidance of inbreeding is demonstrated in three populations of A. alpina, corresponding with previous F IS values. The presence is described of 15 putative SRK-like alleles, which show high sequence identity to known alleles from Brassica and Arabidopsis and the high levels of synonymous and nonsynonymous variation typical of genes under balancing selection. Also, orthologues of two other members of the S-receptor kinase gene family, Aly8 (ARK3) and Aly9 (AtS1) are identified. Further to this, co-segregation between some of the putative S-alleles and compatibility phenotypes was demonstrated using a full-sibling cross design. † Conclusions The results strongly suggest that, as with other species in the Brassicaceae, A. alpina has a sporophytic SI system but shows variation in the strength of SI within and between populations.
INTRODUCTION
The promotion and maintenance of outbreeding in the Brassicaceae can be attributed to a genetically controlled selfincompatibility (SI) system (Bateman, 1951) . The SI system is controlled by a single Mendelian locus (the S-locus), which is comprised of a number of tightly linked genes, coding for pollen -pistil recognition, which function as a single locus. Allelic variation at this locus provides distinct mating specificity. Recognition of shared alleles at the S-locus will result in rejection of 'self' pollen by the stigma, preventing individuals that share S-alleles from producing seeds (Bateman, 1955) . Incompatibility reactions therefore promote both the avoidance of inbreeding, and the maintenance of intra-population genetic variability (Charlesworth and Charlesworth, 1987) .
Within the Brassicaceae, the S-locus is comprised of a gene complex that encodes specific proteins involved in recognition and rejection of 'self' pollen (Suzuki et al., 1999; Kusaba et al., 2001; Shiba et al., 2003) . These genes are highly polymorphic (Sims, 1993; Awadalla and Charlesworth, 1999; Nishio and Kusaba, 2000) , due to negative frequencydependent selection, whereby rare alleles have a reproductive advantage in the population, which promotes the maintenance of extensive nucleotide and allelic diversity at the S-locus (Takahata, 1990; Vekemans and Slatkin, 1994; Schierup et al., 1998) . The system is also subject to complex dominance interactions among alleles (Thompson and Taylor, 1966; Ockendon, 1975; Stevens and Kay, 1989; Hatakeyama et al., 1998; Prigoda et al., 2005) , which affects both the male ( pollen) and female ( pistil) components (Thompson and Taylor, 1966; Visser et al., 1982; Shiba et al., 2002) .
Two highly polymorphic genes are involved in the SI recognition reaction in Brassica: SCR (S-locus cysteine rich), also known as SP11 , is the male determinant of the SI response (Schopfer et al., 1999) ; and SRK (S-locus receptor kinase), a plasma-membrane protein localized in the stigma, is the female determinant in the SI response. The current model of SI response suggests that SCR interacts with the extra-cellular domain of the SRK protein to form a complex which initiates a signalling cascade, inhibiting 'self' pollen tube growth (reviewed by Chapman and Goring, 2010) .
The S 'superfamily' of genes is composed of members that share sequence similarity to genes derived from the S-locus (which includes SRK and SCR). In crucifers, several S family members have been delimited and these include the S-locus-related genes (SLR1; Lalonde et al., 1989; Trick and Flavell., 1989) identified originally in Brassica oleracea, with orthologues in Arabidopsis thaliana (AtS1; Dwyer et al., 1994) and A. lyrata (Aly9; Schierup et al., 2001; Charlesworth et al., 2003b) , and the Arabidopsis Receptor Kinase gene (ARK3; Tobias et al., 1992; Dwyer et al., 1994) , identified as Aly8 in A. lyrata (Charlesworth et al., 2003b) . Although more S family members have been characterized in the brassica species, A. thaliana and A. lyrata (Luu et al., 2001) , the majority appear not to be linked to the S-locus (Kai et al., 2001) . It has been demonstrated that Aly8 is linked to the S-locus (Kusaba et al., 2001) , whereas Aly9 is not . Although Aly9 is expressed in floral tissues and has been linked to a pollinationrelated function in both self-compatible (SC) and selfincompatible (SI) crucifers (Dwyer et al., 1994) , Aly8 is not thought to be involved in pollination function, as it is expressed predominantly in vegetative tissues.
Breakdown of SI
Despite the clear benefits of inbreeding avoidance (reviewed by Charlesworth, 2003) , the loss of a functioning SI system is common at the species level in a wide range of angiosperms (Weller and Sakai, 1999) . In the Brassicaceae, a variety of mechanisms have been proposed to account for the loss of SI, including mutations at the S-locus itself (A. thaliana; Tsuchimatsu et al., 2010) and interruption of downstream components of the rejection response (B. oleracea; Cabrillac et al., 2001) . Range expansion, particularly linked to postglacial colonization events, has been postulated as a driving force behind SI loss, as it may favour species (or populations) capable of self-fertilization (Baker, 1967) . Bottleneck effects in small founding populations can cause depletion of genetic diversity (Nei et al., 1975; Keller and Taylor, 2008) , and in species with a genetically controlled SI system, this could lead to a reduction in numbers of S-alleles present and fewer compatible mating partners in recently founded populations . Mate choice could be further limited by low plant densities, which attract fewer insect pollinators (Levin and Kerster, 1969) . In these situations it is predicted that self-fertilization will present a reproductive advantage (Baker, 1967) , which may outweigh the potentially negative effects of inbreeding (Baker, 1955; Pannell and Barrett, 1998) , especially during periods of rapid postglacial expansion (Baker, 1966; Pannell and Barrett, 1998; , even for species operating a strong SI system.
Population-level variation in mating systems is seen extensively throughout the Brassicaceae and has been reported in many genera, including Arabidopsis Mable and Adam, 2007; Foxe et al., 2010) , Brassica (Hinata et al., 1995) , Capsella (Paetsch et al., 2006) , Leavenwortia (Koelling et al., 2011) and Raphanus (Okamoto et al., 2004) . In addition, within a species, quantitative variation in the strength of the SI response is a phenomenon that has long been recognized and may be an important transition to self-compatibility (SC; Levin, 1996; Vogler and Stephenson, 2001; Good-Avila and Stephenson, 2002; Nielsen et al., 2003) , which means that the SI response of an SI plant can be 'leaky' to such an extent that it exhibits partial selfcompatibility (PSC).
There is some evidence from populations experiencing multiple losses of SI in the genus Arabidopsis that supports the idea that PSC could be an evolutionary transition to an increased level of self-fertilization without resulting in a complete shift to selfing. PSC is typically characterized by the production of small fruits with few or small seeds, following natural or enforced self-pollination, or a weakening of the SI response corresponding to flower age (Vogler and Stephenson, 2001; Stephenson et al., 2003; Liu et al., 2007) . In North American A. lyrata, there is clear variation in the strength of SI at both the individual and population levels , but only some populations have shifted to inbreeding (Mable and Adam, 2007; Foxe et al., 2010) . PSC individuals in outcrossing populations show similar levels of genetic variation to their SI neighbours (i.e. from the same population; Hoebe et al., 2009) , suggesting that they maintain high levels of outcrossing.
Arabis alpina
Arabis alpina is a distant cousin of the model plants Arabidopsis thaliana, A. lyrata and Capsella bursa-pastoris (Couvreur et al., 2010) , and is being developed as a system to study the ecological genetics of alpine environments (Wang et al., 2009; Poncet et al., 2010) . Arabis alpina is a perennial herb with an ecological preference for cool disturbed habitats, reproducing either sexually or asexually via stoloniferous growth (Hegi, 1986) . In Europe, it is distributed in the arctic areas of Iceland and Scandinavia, and alpine regions of the Pyrenees, Alps, Apennines, Balkan, Carpathian and Tatras mountain systems (Jalas and Suominen, 1994) . All of these areas have been dramatically affected by Pleistocene glacial cycles (Hewitt, 2004) , resulting in alpine plants that have genetically highly structured populations Zhang et al, 2004; Schonswetter and Tribsch, 2005) . Traits that influence range expansion are thus expected to be important in shaping genetic structure in A. alpina. For example, throughout most of its range, it has been assumed to be SC based on spontaneous seed set (Koch et al., 1999) .
At present, most molecular studies have largely focused on the population structure and phylogeography of Arabis alpina (Koch et al., 2006; Assefa et al., 2007; Ehrich et al., 2007; Ansell et al., 2008 Ansell et al., , 2011 . These suggest that Tatras and Apennine mountain populations most likely represent Pleistocene (approx. last 2 . 5 Mya) glacial refugia, contributing to the post-glacial recolonization of the Alps Ansell et al., 2008) , A regional analysis of populations from the Italian Apennine refugia and nearby Maritime Alps using allozymes revealed substantial local variation in withinpopulation inbreeding (F IS ; Ansell et al., 2008) . Populations from the Apuani portion of the Apennines range were close to Hardy -Weinberg equilibrium (HWE; F IS ¼ 0 . 076, 95 % CI 0 . 014 -0 . 131), whereas those from the Maritime Alps range showed a large distortion from HWE (F IS ¼ 0 . 553, 95 % CI 0 . 457 -0 . 620), suggesting the possibility of mating system variation. Local deviations in HWE may alternatively be consistent with local differences in extent of glacial survival and bi-parental inbreeding on post-glacial population recovery. At present, both demonstration of a functional SI system and identification of S-locus like genes are lacking for A. alpina and modifications in SI status over the species may be important when interpreting patterns of ecological variation in this developing model organism.
This study is an investigation into whether the apparent mating system variation based on F IS estimates in A. alpina corresponds with a functioning SI system. Specifically, we evaluated whether: (a) populations of A. alpina with F IS estimates that suggest they are outbreeding or inbreeding are consistent with outcrossing rate estimation based on multi-locus progeny arrays; (b) those populations with low F IS estimates are functionally SI, and as such are not self-fertilising based on controlled self-pollination experiments; (c) functional SI is determined by a sporophytic SI system, based on sequence similarity to the female component of SI, SRK; and (d ) variants of SRK-like sequences are linked to SI phenotypes, based on segregation within families. Since SC populations of various Brassicaceae species (Kusaba et al., 2001; Mable et al., 2005; Bechsgaard et al., 2006; Tang et al., 2007; Guo et al., 2009 ) retain S-like alleles with high sequence similarity to functional alleles, it is critical to test the expectations that (a) putative S-allele sequences should exhibit high sequence identity to known SRK alleles, (b) putative orthologues will exhibit high levels of synonymous and non-synonymous diversity and (c) such sequences should exhibit co-segregation suggestive of a single Mendelian locus, as inferred from diallel crosses within families. Also presented is an updated genealogy of SRK-like sequence variants across species that vary in mating system and reiterate the importance of linking allelic to phenotypic variation.
MATERIALS AND METHODS

Samples
Seeds of Arabis alpina (diploid, 2x ¼ 16; Koch et al., 1999) were collected from six populations in the Maritime Alps and Apuani Alps of the Apennine range to represent the differing levels of within-population inbreeding (F IS ) reported by an earlier study of allozyme variability (Ansell et al., 2008) . Three populations with significant deviations from HWE Fig. 1 and Table 1 ). Open-pollinated seeds from individual mothers were collected in the field and stored separately in paper bags. Between 9 and 13 seeds were germinated for each mother, from between 4 and 25 mothers per population (three individuals per mother for selfing phenotype determination, and 6 -10 individuals for outcrossing rate estimation). A further 18 individuals, the F 1 progeny of cross-pollination between a single individual each from Rotondo and Colli were also germinated for the segregation analysis. Seeds were sown on Levington S2 + sand mix (Scotts Professional, Ipswich) and were germinated in controlled climatic incubators under a regime of 16 h light (20 8C) and 8 h dark (16 8C), with 80 % relative humidity. After 6 weeks, the seedlings were vernalized for a period of 12 weeks under a regime of 8 h light and 16 h dark, at a constant temperature of 4 8C. Plants used for within-family crosses were maintained within the climate-controlled incubators, and those used for selfing phenotype determinations were transferred and maintained in non-climate-controlled greenhouses.
Outcrossing rates
The magnitude of naturally occurring outcrossing rates was determined by analysis of allozyme variation among the progeny arrays from each population. Leaf tissue was harvested at the 4-week stage from between 6 -10 offspring per mother and from 14-20 mothers per population. Tissue was ground in a Tris -HCl ( pH 7 . 5) extraction buffer (Soltis, 1983) , and proteins were fractionated on 12 . 5 % hydrolysed potato starch gels under standard procedures (Vogel et al., 1999; Wendel and Weedon, 1989) . The following enzyme systems were then resolved with the lithium borate electrode and gel buffer system 8 of Soltis et al. (1983) : acid phosphatase (EC 3 . 1 . 3 . 2), aspartate aminotransferase (EC 2 . 6 . 1 . 1), glyceraldehyde-3-phosphate dehydrogenase (EC 1 . 2 . 1 . 9), leucine aminopeptidase (EC 3 . 4 . 11 . 1), malic enzyme (EC 1 . 1 . 1 . 40), phosphoglucose isomerase (EC 5 . 3 . 1 . 9), shikimate dehydrogenase (EC 1 . 1 . 1 . 25) and triose-phosphate isomerase (EC 5 . 3 . 1 . 1). The following enzymes were then resolved using the morpholine-citrate ( pH 7 . 1) electrode and gel buffer system of Wendel and Weeden (1989) : alcohol dehydrogenase (EC 1 . 1 . 1 . 1), isocitrate dehydrogenase (EC 1 . 1 . 1 . 42), malate dehydrogenase (EC 1 . 1 . 1 . 37), phosphoglucomutase (EC 5 . 4 . 2 . 2), 6-phosphogluconate dehydrogenase (EC 1 . 1 . 1 . 44) and UTP -glucose pyrophosphorylase (EC 2 . 7 . 9). Staining patterns were interpreted using known enzyme sub-structuring (Kephart, 1990) .
Multi-locus outcrossing rates (T m ) were calculated from the progeny arrays of each population, using the program MLTR v2 . 3 (Ritland, 1981) , which implements the mixed-mating model described in Ritland (2002) . Using a maximum likelihood approach, this program calculates single (T s ) and multilocus (T m ) outcrossing rates and predicted allele frequencies in pollen ( p) and ovules (o). The difference between T s and T m indicates the degree of biparental inbreeding. Standard errors were calculated by bootstrapping across progeny arrays (10 000 replicates). Values of the starting parameters were: 0 . 1, increasing in steps of 0 . 1 to a maximum of 0 . 9 for t; 0 . 1 for rt, rp and f; specifying unconstrained pollen and ovule gene frequencies. Results with the lowest standard error are reported. Populations showing outcrossing rates ,0 . 30 were classified as inbreeding, .0 . 80 as outcrossing and between 0 . 31 and 0 . 79 as mixed mating.
Selfing phenotype determination
One plant per maternal seed family was tested for strength of SI, through manual self-pollination of six replicate flowers, to classify its selfing phenotype. Fruits were scored as negative (no seeds), small (short fruits with no more than 3 seeds), or positive (a full-sized fruit with more than three seeds). A fully compatible pollination will typically produce around 20-40 seeds. For each plant, selfing phenotype was classified according to the following scheme: (a) SI (self-incompatible) ¼ individuals producing zero or one full-sized selfed fruits; (b) SC (self-compatible) ¼ individuals producing at least five full-sized selfed fruits; and (c) PSC ( partially compatible) ¼ individuals producing two to four full-sized selfed fruits. The proportion of plants capable of setting self-seed was used to categorize each population as predominantly SI (.80 % SI individuals), predominantly SC (,30 % SI individuals) or of mixed type (between 30 and 80 % SI individuals). Putatively SI individuals were tested for sterility in a sub-set of individuals used for selfing phenotype determination by performing cross-pollinations with SC individuals from Presolana. The Presolana population was chosen for this as it effectively removed the possibility that negative fruits were the result of incompatibility. Three individuals from Colli and three from Rotondo were pollinated, with three replicate pollinations per individual.
To distinguish 'leaky' small fruits, which have been interpreted to be the result of occasional pollen tube escape from otherwise incompatible parental combinations (Mable et al., 2003) , from full-sized compatible fruits with high seed abortion, mature fruit length was measured for all selfed progeny from the selfing phenotype determinations and cross progeny from the diallel cross (see below), and the number of both mature and aborted seeds was counted. A zero-inflated Poisson regression in R v2 . 10 (R Foundation for Statistical Computing) was used to see if discrete groups were formed between the three categories (incompatible, small and compatible), with small fruits classified as incompatible.
Pollen tube visualization
Fresh flowers collected on the day of anthesis were used for pollination assays conducted to assess whether putatively SI A. alpina exhibited similar arresting of pollen germination at the surface of the stigma as that observed in other Brassicaceae. Flowers were hand-pollinated using self-pollen from individuals that were putatively SI or SC based on the fruit-length classifications used above. Pistils were cut at the peduncle after 24 h, and stood on 1 % (w/v) solid agar, and kept at 20 8C for 6 h. After fixation for 2 h in ethanol : acetic acid (3 : 1), the pistils were softened in 1 N NaOH at 60 8C for 1 . 5 h, and stained with 0 . 01 % (w/v) decolorized aniline blue (Martin, 1959) for 2 . 5 h in 2 % (w/v) K 3 PO 4 . Pistils were gently squashed onto a microscopic slide glass by placing the cover glass over the pistils. Samples were examined under a fluorescence microscope (Axiophot 2, Zeiss) with an excitation filter of 395 nm and an emission filter of 420 nm (Dumas and Knox, 1983 ).
S-allele genotyping
Leaves were collected from the individuals used to assess selfing phenotype, and were dried using silica gel (Drierite, 8 MESH; Acros Organics, Morris Plains, NJ, USA). DNA was extracted by two methods: (1) from 100 mg of silica-dried tissue using the FastDNA kit, following the manufacturer's instructions (QBiogene 101; MP Biomedicals, Santa Ana, CA, USA); or (2) by DNeasy 96-well plate kits (Qiagen Inc., Valencia, CA, USA), using the Genome laboratory service at the John Innes Centre (Norwich, UK). Degenerate primers designed in conserved regions of the S-domain, which are known to amplify SRK in Arabidopsis and Brassica (formerly called Aly13 in A. lyrata), using primers 13F1 + SLGR and 13-FBM + SLGR (Mable et al., 2003 , were first used to amplify the putative SRK fragment from one individual per mother, for each mother used in the self-fertilization experiment (Table 2 ). Amplification products of the expected size (approx. 1 kb) were cloned from six individuals per population and from different seed families (with the exception of Val de Roya 2, where four individuals were screened), using TOPO-TA cloning kits for sequencing (Invitrogen, vector PCR TOPO 4 . 1). In addition, DNA extracted from field-collected leaves of two individuals from Corsica, and five individuals from Italian populations that varied in F IS (Table 1) were also amplified and cloned. For each cloned individual, between 12 and 20 colonies were screened. Plasmid DNA was extracted and cleaned using QIAprep spin miniprep kits (Qiagen Inc.) and sequencing was carried out with the universal primers M13F and M13R on an ABI 3730 sequencer (by The Sequencing Service at the University of Dundee and The Gene Pool at the University of Edinburgh). Sequences were assembled and manually checked for base-calling errors using Sequencher v4 . 7 (Gene Codes, Inc.). Consensus sequences were obtained by correcting PCR mutations to the nucleotide found in the majority of clones for a given individual. Each new sequence variant found in A. alpina was given a unique identifier. Sequences were manually aligned using SE-AL v2 . 0a11 (Rambaut, 2002) to known SRK alleles (Supplementary Data  Table S1 , available online).
The alignment was used to design sequence-specific primers to amplify unique A. alpina SRK-like sequences that were present in three or more colonies using Oligo v6 . 86 (Molecular Biology Insights, Inc.). A single individual per maternal line for each of the six major populations used in this study were then screened for each of the sequence-specific primers designed. Positive PCR bands were excised and sequenced to assess sequence fidelity and putative allele frequencies within populations.
Diallel crosses, segregation analysis and linkage
To test whether putative SRK genotypes were associated with SI phenotypes, a diallel crossing strategy within families was taken, using seeds raised from a cross between two SI populations, Rotondo and Colli. Cross-pollinations among full-siblings were performed by rubbing anthers on stigmas of intact flowers, after emasculation of the recipient. Each combination was pollinated reciprocally, using three replicate flowers. Compatibility was scored as fruit set 7 -10 d after pollination using the criteria described above for self-pollinations. A total of 18 plants were used in the crosses, but not all plants flowered sufficiently to produce a complete diallel cross design. Pollinations were conducted over a 4-month period (April-July), because flowers are produced in small numbers at any given time; mature fruits were collected after 4 -7 weeks, when mature.
Individuals were classified into incompatibility groups based on the outcome of within-family crosses only, with no prior knowledge of sequence data. Progeny were then PCR screened for the SRK-like sequence variants found in the parents, to evaluate whether SI phenotypes corresponded with putative S-genotypes. To determine whether distribution of genotypes in the progeny was consistent with segregation at a single Mendelian locus, a x 2 test was conducted in R v2 . 10 (R Foundation for Statistical Computing).
Phylogenetic analysis and sequence diversity estimates
Sequences were assembled using Sequencher v4 . 7 (Gene Codes), and then manually aligned against previously published SRK allele sequences (Schierup et al., 2001; Mable et al., 2005) from eight species (Supplementary Data Table  S1 ) using Se-al v2 . 0a11 (Rambaut, 2002) . Further adjustments were made to alignments by manual correction and by translating the data into amino-acid characters, using MacClade v4 . 0 (Maddison and Maddison, 2000) . Synonymous and nonsynonymous divergences between new putative alleles and known alleles from Brassica and Arabidopsis were computed according to Nei and Gojobori (1986) , using DNAsp v3 . 53 (Rojas and Rojas, 1999) . Phylogenetic relationships among sequences were visualized using a Bayesian inference of phylogeny conducted in MrBayes (Ronquist and Huelsenbeck, 2003) , using a General Time Reversible model (Tavare, 1986 ) with gamma rate variation, chosen using ModelTest v3 . 7 (Posada and Crandall, 1998) . The MCMC algorithm used eight heated chains, with a chain length of 2000 000 and a burn-in of 200 000. Other S-domain genes were included in the phylogeny, including Aly8 (ARK3) from A. lyrata, which was used as an outgroup and Aly9 (SLR1 or AtS1) from A. lyrata. The phylogeny was intended for visualization of geneological relationships only, since SRK is under strong selection pressure, with the possibility of gene conversion among gene family members (Prigoda et al., 2005) , so it is not strictly appropriate to reconstruct a bifurcating phylogenetic tree.
RESULTS
Outcrossing rates, selfing phenotypes and pollen tube visualization
From the 13 enzyme staining systems stained, 16 loci were detected, of which 11 were polymorphic and 37 alleles were discriminated. Outcrossing rates based on allozyme progeny arrays (Table 3) (Table 3) . It was not possible to test the outcrossing rate of population VDR2 due to insufficient individuals that germinated; however, allozyme variation was low and the previous F IS value (Ansell et al., 2008) was relatively high (0 . 4), suggesting that it is probably inbreeding.
Assessment of biparental inbreeding (S b ¼ T m -T s ; Ritland, 1981) in each population revealed varying degrees of this form of inbreeding, with outcrossing populations ROTO (S b ¼ 0 . 166), POST (S b ¼ 0 . 134) and COLL (S b ¼ 0 . 127) exhibiting some evidence of biparental inbreeding and inbreeding population VDR1 (S b ¼ 0 . 010) exhibiting very low levels; however, this could be an artefact of the overall lack of variation in this population.
Hand pollinations of emasculated flowers revealed that there were clear differences between populations with respect to selfing phenotypes (Table 3 ). Although all populations tested for selfing phenotype contained at least some individuals capable of self-fertilization, there was variation in the proportions of selfing phenotypes within populations, which corresponded well with predicted outcrossing rates and F IS values. The fact that a single population was found that contained exclusively SC individuals (PRES) and spontaneous fruit set indicated that individuals were capable of autonomous selfing. This is consistent with its low T m and high F IS estimates, which are effectively 0 and 1 respectively, due to absence of variation. VDR1 showed no individuals with an SI phenotype, but had 47 % PSC individuals and 53 % SC individuals; again, consistent with its low T m and high F IS estimates. For ROTO, 80 % of individuals screened exhibited an SI phenotype, with 13 % and 7 % of individuals exhibiting PSC and SC, respectively, consistent with its high T m and low F IS estimates. A similar result was observed for the COLL population, which was also highly outcrossing (SI 73 %, PSC 20 %, SC 7 %). Together, these results suggest that outcrossing rate is a good indicator of the proportion of SI individuals within populations. Individuals from POST and VDR2 failed to flower, so selfing phenotypes could not be assigned. Tests for fertility of apparently SI individuals, as assessed using a subset of individuals, showed no male or female sterility for any of the individuals tested, suggesting that all were actually SI.
For the Italian populations for which we only individual DNA samples were available, F IS estimates (Ansell et al., 2008;  (Mable et al., 2003) , overlapped with the incompatible group. Thus a cut-off of three seeds or less was used to indicate incompatible fruits rather than fruit length.
Compatible fruits from the outcrossing populations were significantly smaller than those from inbreeding individuals (mean 41 . 51 mm, range 27 . 68-49 . 15 mm; two-tailed t-test, P , 0 . 001), and aborted seed number for individuals producing compatible selfed fruits in outcrossing populations (mean 19 . 93, range 7 -29) was significantly higher than for inbreeding populations (mean 6 . 63, range 2 -26; two-tailed t-test, P , 0 . 001), which may suggest PSC with reduced fitness. Total seed number (viable and aborted) was higher in inbreeding individuals (mean 27 . 20) than in outcrossing individuals (mean 21 . 07).
Florescent microscopy of stained pistils confirmed that pollen tube growth in putatively SI individuals was arrested at the surface of the stigma, as in other Brassicaceae (Fig. 2) .
Arabis alpina S-allele genotype determination
Fifteen sequence variants were identified that were more similar to SRK than to other members of the gene family, across the 41 maternal individuals screened via cloning. Eight of these variants occurred within the six focal populations where pollination testing was available, and seven occurred in additional individuals sampled from other parts of the Italian range for which seeds stocks were not established (Table 1 ) and for which the selfing phenotype is unknown. The degenerate primers used in this study are also known to amplify other members of the S-gene family, including Aly8, Aly9 and Aly10 in A. lyrata (ARK3, SLR1 or AtS1, and ARK1, respectively, in A. thaliana). DNA sequences that TABLE 4. The number of putative S-alleles identified in each of the six primary populations for which selfing phenotypes were estimated and progeny raised to estimate outcrossing rates showed high sequence identity to these genes were recovered during cloning, and included nine sequences with high sequence identity to Aly8 (ARK3; ALPARK3-1 to ALPARK3-9), and two sequences that exhibited high sequence identity to Aly9 (ALP-ALY9-1 & 2). One of these Aly8-like sequences, ALPARK3-1 was present in 54 % of the individuals screened. The 15 unique putative SRK allele sequences were assigned sequential names based on the order in which they were detected (ALPSRK1 to ALPSRK15). Within the six focal populations, PCR screening by allelespecific primers designed for each of the eight sequence variants showed that the putative alleles generally occurred at low frequencies within each population (Table 4) , with a high percentage of individuals (64 %) failing to produce PCR products with any of the primers tested after four PCR reactions. In addition, only six individuals were heterozygous, each containing only two of the putative SRK alleles and all were from outcrossing populations. Five of the heterozygous individuals occurred in the COLL population (individual 2, ALPSRK5 & 8; individuals 5 and 10, ALPSRK5 & 6; individual 7, ALPSRK3 & 6; individual 9, ALPSRK6 & 8), and one was from the ROTO population (individual 12, ALPSRK1 & 8). These heterozygous individuals also contained the Aly8-like sequence ALPARK3-1, which supports the hypothesis that this sequence is not SRK. It is clear from the low proportion of heterozygotes, and the high proportion of individuals that failed to generate allele-specific PCR products, that not all allelic diversity was recovered from these populations. This is further supported by the initial failure to recover amplification products for 16 % of individuals (from among all populations) using the degenerate primers developed for Brassica and Arabidopsis SRK loci, suggesting that divergent alleles specific to A. alpina are likely to have been missed.
Diallel crosses, segregation analysis and linkage
Three seed families were raised from crosses. However, only a single seed family flowered sufficiently for the segregation of SI phenotypes and genotypes to be tested. The SI parents used in this cross (maternal, COLL; paternal, ROTO) each had only a single putative SRK allele identified (ALPSRK6 in COLL; ALPSRK8 in ROTO). However, if a functioning sporophytic SI system is operating, individuals are expected to be heterozygous, so there was the potential for four genotype combinations per offspring, with unidentified alleles labelled X and Y (i.e. 6 & X, 8 and Y, 6 & 8 and X & Y). Based on compatibility scored as production of a full-sized fruit, individuals FIG. 4 . A Bayesian inference tree of Brassicaceae S-domain genes, constructed using the General Time Reversible model (Tavare, 1986) with gamma rate variation, using eight heated chains, with a chain length of 2000 000 and a burn-in of 200 000. This model was chosen using ModelTest v3 . 7(ref ) Node support, in the form of posterior probabilities which are represented by * if .70 %. Sequence variants for SRK-alleles are included for: Arabidopsis lyrata, Arabadopsis halleri, Arabidopsis thaliana, Brassica oleracea, Brassica napus, Brassica rapa, Capsella rubella, Capsella grandiflora and Levenworthia alabamica, as indicated in the key. Sequence variants representing other S-family genes from A. lyrata were also included, with Aly9 and Aly8 sequence variants (which was used as outgroup, as in Prigoda et al., 2005) . The 15 putative SRK-alleles from Arabis alpina (red) are present in four clades, and cluster with both A. lyrata and A. halleri sequence variants. The putative Aly8 and Aly9 alleles also cluster with their respective orthologues. 7  13  1  3  6  9  12 18  8  10  14  4  5  11  16  17  19   ------7  --C  ---C  --PC  ----C  --13  --C  --------------1  -----------------3  C  C  I  I  I  C  I  C  PC  C  I  I  I  I  I  I  I  6  ---C  --I  ----I  ----I  9 -
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3. Segregation of SI phenotypes and putative SRK genotypes, listing the individuals in each phenotype class and whether cross-combinations were compatible or incompatible based on three replicate pollinations. Two individuals (12 and 19) could not be assigned to a category based only on their phenotype, and so were assigned based on their genotypes. F 1 individuals used in this analysis were the progeny of a maternal plant from COLL with putative SRK genotype ALPSRK6 & X and a paternal plant from ROTO with putative SRK genotype ALPSRK8 & Y. Grey shading indicates an incompatible cross (I), with non-shaded boxes representing compatible (C) crosses and hatched boxes partially compatible (PC) crosses. Selfings, represented by the diagonal (black boxes) were not performed in order to maximize the number of cross combinations possible with limited flowering. However, individuals 3 and 12 could be self-compatible (although they could show different dominance in pollen and stigma). Individual 19 showed different patterns depending on whether it was the pollen donor or recipient, again suggesting different dominance in pollen and stigma. Individual 2 had the genotype 6 & X but its compatibility phenotype suggested that it also had the 8 allele, which failed to amplify. * Indicates genotype 6 & X. were partitioned into four tentative phenotype groups. Individuals were then screened using PCR and allele-specific primers for the two putative parent alleles. Of the 18 individuals used in this experiment, seven individuals were assigned to the genotype 6 & X, six to 6 & 8, three to 8 & Y and the remaining two to X & Y. The x 2 test for distribution of genotypes showed no significant deviation from expected genotype frequencies (x 2 ¼ 2 . 0193, d.f. ¼ 3, P-value ¼ 0 . 5684), which suggests that all four putative alleles are present at the same locus. Although a complete diallel cross could not be performed due to insufficient flowering, with some exceptions, a single genotype could be associated with each phenotype group (Fig. 3) . However, the inconsistent compatibility of individuals 3 and 12 with others of the same genotype could suggest that they are SC (although it is also possible that dominance differs in pollen and stigma). Individual 19 showed different patterns when it was the pollen donor or recipient, again suggesting different dominance in pollen and stigma. Individual 2 had the genotype 6 & X but its compatibility phenotype suggested that it also had the ALPSRK8 allele, which failed to amplify. Selfings, represented by the diagonal (shaded black) were not performed in order to maximize the number of cross combinations possible with limited flowering.
Relationship between putative S-allele sequences and known SRK alleles Figure 4 shows a Bayesian phylogenetic tree that summarizes relationships among the putative S-allele sequences amplified from A. alpina, as well as among two other members of the SRK gene family (Aly8 and Aly9) in Brassica and Arabidopsis. Of the 15 putative S-alleles identified, all show close nucleotide similarity to SRK alleles amplified in A. lyrata, regardless of the selfing phenotype of the individual it was isolated from. The selfing phenotypes of individuals with ALPSRK4 and ALPSRK9 to ALPSRK15 are unknown, as they were identified from the Italian samples that lacked seed collections. The putative A. alpina S-alleles fall within four clades, with the sequence variants contained within each showing high sequence identity to known SRK-alleles from other species. The first clade includes ALPSRK7 to ALPSRK13, and shows high sequence identity to the A. lyrata allele ALYSRK19. The putative alleles within this clade are not isolated to a single geographic area or population. The second clade includes the putative S-alleles ALPSRK1, ALPSRK2, ALPSRK5, ALPSRK6 and ALPSRK15. This clade includes known SRK-alleles from both A. lyrata (ALYSRK15, ALYSRK23 and ALYSRK42) and A. halleri (AHASRK12 and AHASRK21). The third clade includes only ALPSRK3, which shows high sequence identity with ALYSRK33 and ALYSRK4 from A. lyrata and AHASRK20 from A. halleri. Finally, ALPSRK4 and ALPSRK14, both identified from populations on Corsica, show high sequence identity to A. lyrata alleles ALYSRK9 and ALYSRK46, along with A. halleri allele AHASRK22. These putative SRK alleles (ALPSRK4 and ALPSRK14) have very high sequence identity, and therefore may represent either copies of the same, non-functioning allele which have been subject to increased substitution rate, or two closely related functional alleles. As these putative alleles were identified from tissue only, it was not possible to test functionality; however, the substitutions do appear to be in regions previously shown to be under positive selection, and so this may hint at these being separate, functional alleles. In addition to the putative SRK-alleles identified in A. alpina, high sequence identity was also found among the sequences that were more similar to other members of the S-receptor kinase gene family (Charlesworth et al., 2003b) . The putative Aly9 alleles (ALPALY9-1 and ALPALY9-2) cluster with Aly9 alleles from Arabidopsis lyrata. Our putative Aly8 (ARK3; ALPARK3-1 to ALPARK3-8) alleles also cluster with the outgroup Aly8 allele from A. lyrata. Table 5 summarizes pair-wise diversity between putative S-alleles, and known S-alleles from other species (A. lyrata, A. halleri, Brassica napus and B. oleracea). It demonstrates high sequence divergence for both synonymous (K s ; mean 0 . 3584, range 0 . 008-0 . 530, s.e. 0 . 039) and non-synonymous (K a ) sites (mean 0 . 3199, range 0 . 026-0 . 5026, s.e. 0 . 0166). None of the putative S-alleles contain stop codons, which would indicate lack of functionality, but they do contain 12 cysteine residues, which are known to be highly conserved in SRK alleles across species in the Brassicaceae .
DISCUSSION
The observations made in this study support the hypothesis for a sporophytic SI system in Arabis alpina, as has been reported extensively for other species in the Brassicaceae (Bateman, 1954 (Bateman, , 1955 Schierup et al., 2001; Mable et al., 2003; Llaurens et al., 2008) . Both the outcrossing rates and the selfing phenotype assignments correspond to the previously calculated F IS estimates from Ansell et al. (2008) for the same populations. Three populations with low F IS (ROTO, POST and COLL) here present clear evidence of being predominantly outcrossing (Table 3) , rather than inbreeding, based on outcrossing rates estimated from allozyme data. These conclusions are corroborated by greenhouse self-fertilization experiments, which demonstrate that there is a functional genetic barrier preventing individuals within the outcrossing populations from self-fertilization (Table 3 and Fig. 2) , suggesting a functional SI system. In contrast to this, three populations that showed high F IS in Ansell et al. (2008;  VDR1 and 2 and PRES) demonstrate an absence of inbreeding avoidance mechanism based on both their outcrossing rate, and their selfing phenotypes (Table 3 and Fig. 2) . At the molecular level, 15 sequences (ALPSRK1 to ALPSRK15) were amplified that showed strong sequence similarity to known SRK alleles sampled from species of Arabidopsis and Brassica (Schierup et al., 2001; Mable et al., 2003) . Sequence variants were also identified that show sequence similarity to other members of the S-receptor kinase gene family, including sequences with high similarity to Aly8 (ARK3) and Aly9 (SLR1 ; Fig. 4) . The within-family crosses suggest a link between the putative SRK alleles and the compatibility phenotypes of individual plants, although limitations due to poor flowering did not allow completion of the diallel pollination experiment; thus, estimates of dominance were not possible. We suggest that further tests should be performed on more putative SRK alleles to further validate the present findings.
Further to this, problems were experienced associated with cessation of flowering at temperatures above 20-22 8C in the greenhouse, and a total lack of flowering in certain populations (POST and VDR2), which prevented selfing phenotypes being assigned.
Variation in the strength of SI across populations
The ROTO population exhibited a large proportion of SI individuals and exhibited a high T m (0 . 98). However, it still contained variation in selfing phenotypes, with both PSC and SC individuals identified (Table 3) . Five of the putative S-alleles were amplified in this population (ALPSRK1, 2, 6, 7 & 8), with only a single individual identified as heterozygous. The frequency of these alleles was generally low, as would be expected from S-alleles, with the exception of ALPSRK7, which was present in 25 % of individuals screened. Lack of heterozygosity suggests that not all alleles were amplified in this population. The COLL population also showed a high outcrossing rate (T m ¼ 0 . 8) but variation in the strength of SI. Again five putative alleles (ALPSRK1, 3, 5, 6 & 7) were amplified in this population, but in this case one-third of individuals were heterozygous. Both ALPSRK6 and ALPSRK7 were present at relatively high frequency in this population (30 % and 45 %, respectively).
The PRES population exhibited a complete lack of SI response in greenhouse selfing experiments, and produced autonomously selfed fruits (Table 3) . This, coupled with a lack of allozyme variability in this and an earlier study (Ansell et al., 2008) , suggests that this population has no functional SI system. Nevertheless, an SRK-like allele (ALPSRK6) was amplified from three individuals and shows high sequence identity to known SRK-alleles in SI populations of A. lyrata (ALYSRK23 and ALYSRK42) and A. halleri (AHASRK12). The retention of high sequence similarity to SRK from SI species/populations might indicate a recent ( post-glacial) loss of a functioning SI system in this population, as alleles that are no longer under selection are expected to be subject to increased substitution rate relative to S-alleles involved with a functioning SI system (Nasrallah, 1997) . However, SC A. thaliana retains recognizable SRK and SCR sequence-elements (as pseudogenes), despite the loss of SI system function between 500 000 and 5 million years ago (Kusaba et al., 2001; Nasrallah et al., 2004; Shimizu et al., 2004; Bechsgaard et al., 2006; Tang et al., 2007) . Sequence analysis of the PRES SRK-like ALPSRK6 allele failed to identify premature stop-codons that would be consistent with pseudogene formation. However, as only a fragment of the extracellular S-domain was sequenced, it is possible that these might occur in another domain.
Population VDR1 demonstrated little evidence of functional inbreeding avoidance based on greenhouse selfing experiments, with exclusively SC or PSC individuals (Table 3) . Outcrossing rate estimates from this population were ,0 . 2, suggesting that inbreeding is common. Unlike PRES, there was no evidence of autonomous self-fertilization, potentially suggesting different evolutionary histories of SI breakdown and/or shifts to selfing, or different selection pressures following the initial mating system change. This is consistent with evidence from inbreeding populations of A. lyrata, where there is variation in autonomous seed set within and among populations (Foxe et al., 2010) . Both of the VDR populations yielded only a single putative S-allele (ALPSRK8), which occurred in a clade with numerous other putative SRK-alleles identified from A. alpina, and are highly similar to the A. lyrata SRK-allele ALYSRK19. This allele was only amplified from a single individual from each population, so it is likely that these populations contain other, nonamplified SRK-like alleles. Ansell et al. (2008) suggested independent origins of the central Alps (which contains population PRES) and the western Alps regions (which contain the VDR populations), based on allozyme and cpDNA data. This division has also been supported by AFLP diversity structure in A. alpina , and has been reported for other alpine herbaceous plants (Stehlik et al., 2002; Kropf et al., 2003; Schonswetter et al., 2003 Schonswetter et al., , 2004 . Differences in mating system between PRES and VDR1 would be consistent with this phylogeographic pattern.
For the VDR1 population, it is not clear if the large proportion of individuals that exhibited PSC had a partially functional SI system, the environment modified the SI system, or they were SC individuals that received suboptimal pollen. Hoebe et al. (2009) found that PSC and SI individuals of North American A. lyrata showed similar levels of heterozygosity at microsatellite loci and suggested that PSC individuals remained highly outcrossing. In A. alpina, heterozygosity was not examined but it was found that PSC individuals were capable of producing outcrossed seeds when fertilized by unrelated individuals (data not shown), suggesting that they were fertile and capable of outcrossing. They could thus be in a transition phase that would allow the benefits of both selfing during colonization and outcrossing to increase genetic diversity.
The finding of SC and high levels of inbreeding in A. alpina is consistent with other studies. An AFLP study of central and northern European populations ) recovered a single multi-locus genotype among 89 % of the Nordic populations (northern Germany to Greenland), suggesting that some presumably self-fertilizing genotypes are highly successful or that there was a bottleneck associated with the transition to selfing in the common ancestor of these populations.
Although no evidence of loss-of-function mutations was found in any of the putative SRK-alleles described in this study, there is clear evidence that individuals that contain apparently functional SRK-alleles do not have a functioning SI response. This could suggest that loss of function is associated with a mutation in SCR or a downstream component of the recognition reaction, as has been seen in other species (Cabrilliac et al., 2001; Tsuchimatsu et al., 2010) ; however, further tests are needed to validate this. Furthermore, loss-of-function mutations in either of the pre-requisite S-locus genes (SRK or SCR) are likely to ensure complete compatibility, and would not explain the partial compatibility seen in certain individuals of A. alpina, which may indicate that multiple factors are influencing population level matingsystem variation.
Diallel crosses and segregation analysis
Flowering in A. alpina is irregular and non-continuous in comparison to A. thaliana, reflecting its perennial life-history (Wang et al., 2009) . Even following vernalization conditions considered appropriate for this species (Wang et al., 2009 ), flowering was not sufficient to obtain a full picture of segregation of phenotypes with genotypes and dominance relationships, as has been done for other brassica species (Charlesworth et al., 2003a; Mable et al., 2003; Mable et al., 2004) . The phenotypic groupings based on compatibility of crosses corresponded with the SRK genotype in most cases, although not all individuals could be assigned to phenotypic groups with confidence. In particular, two genotypes were under-represented in the crosses (X & Y and 8 & Y) . In addition, since only a single allele was identified from each parent, individuals with poor amplification of either of these alleles might have been mistakenly assigned an X or Y allele. We suspect this may be the case for individual 2, for which PCR screening only resulted in amplification of ALPSRK6 (subsequently leading to assignment to genotype 6 & X) but its phenotype suggests that it also has ALPSRK8. Nevertheless, it was possible to demonstrate a link between SRK-genotype and phenotype for the alleles used in this cross, which is of the utmost importance when identifying potential S-locus genes (Charlesworth, 2000; . Selfing phenotype determinations would have been useful for the individuals used in the diallel cross because a few individuals showed inconsistent compatibility patterns consistent with being self-fertile. However, it was decided to maximize the number of crosses possible and so selfings were not performed.
Multiple species SRK phylogeny
Although the use of a phylogeny for genes at the S-locus is not strictly appropriate, it allows visualization of relationships between known S-domain alleles from well-characterized species (A. lyrata, A. halleri and B. oleracea) with putative alleles from species that have been less well characterized, including C. grandiflora, C. rubella and L. alabamica. The relationships between putative SRK alleles in A. alpina and known SRK alleles in other species supports the conclusion that the sequence variants identified are orthologous to SRK. This phylogeny also allows identification of other S-domain genes amplified in A. alpina (Aly8-like and Aly9-like) based on their similarity to sequences from other species. The SRK sequences for Brassica and Arabidopsis form separate clades, which likely reflects their long phylogenetic separation (Couveur et al., 2010) . Putative A. alpina SRK alleles ALPSRK4 and ALPSRK14 show sequence identity to both genera, which is likely due to trans-specific polymorphism (i.e. sharing of alleles between species), and may add weight to the suggestion that having a functional SI system is the ancestral state in the Brassicaceae, and that similarities in these alleles may pre-date species divergence events.
The necessity of linking putative SRK genotypes with compatibility phenotypes cannot be understated, as contained within clades where linkage has been demonstrated are sequences which have been shown not to be linked to the S-phenotype. For example, unlinked sequences ALY13-2 and ALY13-7 show high similarity to a clade of alleles that have been demonstrated to be linked to the S-phenotype in both A. lyrata (Prigoda et al., 2005) and A. halleri (Castric and Vekemans, 2007) . In outcrossing L. alabamica, gene sequences have been classified as SRK (LALSRK) due both to high sequence identity to known SRK alleles from A. halleri (AHASRK14 and AHASRK25), and linkage to SI phenotypes . In contrast, high sequence identity of sequences from SI C. grandiflora to SRK alleles from A. lyrata and A. halleri were used to conclude that they represent functional SRK alleles in this species without establishing linkage to selfing phenotypes (Paetsch et al., 2006) .
The clustering of sequences from apparently SC A. alpina with functional SRK alleles from other species is also apparent for other selfing species. Sequences from both highly selfing C. rubella and A. thaliana show high sequence identity with alleles from the outcrossing species, as has been found in other studies (Bechsgaard et al., 2006; Paetsch et al., 2006) . However, both of these species include sequences with stop codons, suggesting that they are now non-functional pseudogenes. The lack of stop codons in the A. alpina sequences from inbreeding populations could reflect a more recent loss of SI, or that other loci are involved in the breeding system change.
Conclusions
The present study of Maritime Alp and Apauni Alp populations of Arabis alpina supports the earlier assertion, that differences in allozyme-derived F IS estimates are consistent with changes in mating system variation. The present study provides a firm case for the presence of a functioning sporophytic SI system in certain European populations, and tentative evidence for a loss of SI function in other populations. By performing transformation experiments similar to those conducted in B. rapa and A. thaliana (Takasaki et al., 2000; Takayama et al., 2001) , it may be possible to establish if the putative SRK-alleles reported in this study are necessary and sufficient to cause an SI response in the A. alpina populations that currently have no (or a reduced) SI response. It is noted that the potential changes in SI status coincide with areas suspected to differ in the extent of local glacial survival (Ansell et al, 2008) . However, it is premature to conclude the extent and context to which phylogeographic history has influenced variation in mating system of this interesting arctic -alpine species. Arabis alpina has the potential to be a useful model system for studying the ecological genetics of alpine adaptation, based on its extensive arctic -alpine latitudinal and altitudinal range, leaf shape and flowering time variation (Wang et a.l, 2009; Poncet et al., 2010) . Along with its soon-to-be completed genome sequence (G. Coupland and D. Weigel, MaxPlanck Institut für Pflanzenzüchtungsforschung, Koeln, Germany, unpubl. res.), it is important that mating system variation is documented more widely across the species range. This is especially critical in the context of interpreting patterns of ecological genetic diversity, which may in part be influenced by local or regional stochastic changes to mating system variation.
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